ABSTRACT: The alkaline earth diazenides M AE N 2 with M AE = Ca, Sr and Ba were synthesized by a novel synthetic approach, namely, a controlled decomposition of the corresponding azides in a multianvil press at highpressure/high-temperature conditions. The crystal structure of hitherto unknown calcium diazenide (space group I4/mmm (no. 139), a = 3.5747(6) Å, c = 5.9844(9) Å, Z = 2, wR p = 0.078) was solved and refined on the basis of powder X-ray diffraction data as well as that of SrN 2 and BaN 2 . Accordingly, CaN 2 is isotypic with SrN 2 (space group I4/mmm (no. 139), a = 3.8054(2) Å, c = 6.8961(4) Å, Z = 2, wR p = 0.057) and the corresponding alkaline earth acetylenides (M AE C 2 ) crystallizing in a tetragonally distorted NaCl structure type. In accordance with literature data, BaN 2 adopts a more distorted structure in space group C2/c (no. 15) with a = 7.1608(4) Å, b . Temperature-dependent in situ powder X-ray diffractometry of the three alkaline earth diazenides resulted in formation of the corresponding subnitrides M AE 2 N (M AE = Ca, Sr, Ba) at higher temperatures. FTIR spectroscopy revealed a band at about 1380 cm −1 assigned to the N−N stretching vibration of the diazenide unit. Electronic structure calculations support the metallic character of alkaline earth diazenides.
■ INTRODUCTION
The synthesis and characterization of novel binary metal nitrides have a significant impact on solid-state and materials chemistry due to the numerous applications for such compounds. 1−9 In 2001, the first members of the novel class of nitrogen-rich alkaline earth compounds M AE N 2 were discovered and structurally characterized by Kniep et al. revealing dinitrogen anions [N 2 ] 2− with NN double bonds. The latter anions represent deprotonated diazene N 2 H 2 units and were therefore named diazenides. In the past SrN 2 and BaN 2 have been synthesized from the corresponding metals at 620°C under nitrogen pressure (0.55−0.56 GPa) in a specialized autoclave system. 10−14 Recently, related noble metal nitrides with analogous formula type M NM N 2 (M NM = Os, Ir, Pd and Pt) have been synthesized in laser-heated diamond anvil cells in combination with cryogenically loaded nitrogen at high pressure of 50 GPa and temperatures around 2000°C. 15−23 According to structural and electronic considerations, these noble metal compounds are assumed to contain 4-fold negatively charged nitrogen dimers having the composition M 4+ [N 2 ] 4− . 15−24 Unlike the alkaline earth diazenides, the latter anions (bond length about 1.41 Å) 15−24 are derived from diazane, N 2 4− have been classified as pernitrides, 15−24 and their remarkable properties (e.g., superconductivity, photoluminescence, magnetism and low compressibility comparable to that of c-BN) 15−24 justify the investigation of the crystalline structure, stability, elasticity and electronic structures of the diazenides. However, except for M = Sr, Ba, Os, Ir, Pd and Pt, no other metal diazenides or pernitrides of formula type MN 2 have been synthesized in crystalline form as yet, but have been predicted by density-functional calculations to form under HP/HT conditions. 24−29 In order to extend the class of nitrogen rich metal diazenides or pernitrides, we have targeted new synthetic approaches for these compounds, and we were successful using controlled decomposition of highly reactive precursors like the corresponding azides. In this contribution, we present our novel synthesis route for the alkaline earth diazenides SrN 2 and BaN 2 . In addition, we report on the synthesis, structural, spectroscopic and electronic characterization of the novel alkaline earth diazenide CaN 2 and compare its structure to the predicted model. 26 32,33 The extremely dangerous HN 3 was distilled from NaN 3 (Acros Organics, Geel, Belgium, 99%) and H 2 SO 4 . The solid azides were dried over P 4 O 10 using a vacuum desiccator. A general procedure for the synthesis of the azides of the heavier alkaline earth metals has been described in the literature. 31 Caution! Due to the very low thermal and mechanical shock resistance of HN 3 , hydrazoic acid should always be handled with maximum caution. Therefore, whenever working with HN 3 , eff icient protective clothing such as face protections, a leather coat and steel reinforced gloves must be worn.
Synthesis of M AE N 2 (M AE = Ca, Sr, Ba). The three alkaline earth diazenides were synthesized under high-pressure/high-temperature conditions in a modified Walker-type module in combination with a 1000 t press (Voggenreiter, Mainleus, Germany). As pressure medium, precastable MgO-octahedra (Ceramic Substrates & Components, Isle of Wight, U.K.) with edge lengths of 14 or 18 mm (14/8 or 18/11 assembly) were employed. Eight tungsten carbide cubes (Hawedia, Marklkofen, Germany) with truncation edge lengths of 8 or 11 mm compressed the octahedra. The three alkaline earth azides were carefully ground, filled into a cylindrical boron nitride crucible (Henze BNP GmbH, Kempten, Germany) and sealed with a fitting boron nitride plate. Details of the setup are described in the literature. 34−38 CaN 2 (SrN 2 , BaN 2 ) was synthesized in a 14/8 (18/11, 18/11) assembly which was compressed up to 12 (9, 3) GPa at room temperature within 325 (214, 68) minutes, then heated up to 800 (550, 450)°C in 300 (30, 30) minutes, kept at this temperature for 20 (15, 15) minutes and cooled down to room temperature in 15 (10, 10) minutes. Subsequently, the pressure was released over a period of 958 (623, 183) minutes. The recovered MgO-octahedron was broken apart in a glovebox and the sample carefully isolated from the surrounding boron nitride crucible. A black metallic powder of alkaline earth diazenides was obtained, which is extremely sensitive to moisture.
Powder X-ray Diffraction (PXRD), Structure Solution and Rietveld Refinement. The crystal structures of the three alkaline earth diazenides were analyzed on the basis of powder X-ray diffraction data. The powder diffraction patterns were recorded with a STOE Stadi P powder diffractometer (STOE, Darmstadt, Germany) in Debye−Scherrer geometry using Ge(111) monochromated Mo and Cu Kα 1 radiation (0.7093 Å and 1.54056 Å). For the alkaline earth diazenides of strontium and barium the resulting powder X-ray diffraction patterns fit perfectly the ones reported in the literature. 10−14 In the case of the novel diazenide of calcium, the indexing resulted unambiguously in a tetragonal unit cell with a = 3.57 Å and c = 5.98 Å. A Rietveld refinement ( Figure 1 ) was performed with the TOPAS package 39 using the structure of SrN 2 as starting model. The reflection profiles were determined using the fundamental parameter approach 40 by convolution of appropriate source emission profiles with axial instrument contributions and crystalline microstructure effects. Preferred orientation of the crystallites was described with a spherical harmonics of fifth order. The relevant crystallographic data for the three alkaline earth diazenides and further details of the data collection are summarized in Tables 1 and 2 . Further information of the crystal structures may be obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax, (49) 7247-808-666; e-mail, crysdata@fiz-karlsruhe.de) on quoting the depository numbers CSD-423721 (CaN 2 ), CSD-423722 (SrN 2 ) and CSD-423723 (BaN 2 ).
Temperature-Dependent in Situ X-ray Diffractometry. In situ X-ray powder diffraction data were collected with a STOE Stadi P powder diffractometer (Mo Kα 1 radiation (0.7093 Å)) equipped with a computer controlled STOE resistance graphite furnace. Enclosed in a silica glass capillary under argon, the samples were heated from room temperature to 900°C at a rate of 5°C/min in steps of 25°C. At each heating step (after holding the temperature for 1 min), a diffraction pattern was recorded with an IP-PSD in the range of 2°≤ 2θ ≤ 80°.
Infrared Spectroscopy. Fourier transform infrared (FTIR) measurements were carried out on a Bruker IFS 66v/S spectrometer. Spectra of the samples were recorded in an evacuated cell at ambient conditions between 400 and 4000 cm −1 after diluting the samples in KBr pellets (2 mg sample, 300 mg KBr, pressed with 10 kN).
Calculation of the Electronic Structure. The LMTO method in its scalar relativistic version (TB-LMTO-ASA program) 41 was used to perform the calculation of the band structure, electronic density of states (DOS) and crystal orbital Hamiltonian population (COHP) of CaN 2 and SrN 2 .
42 Detailed descriptions of the method are given elsewhere. 43, 44 The k point set was extended to a 24 × 24 × 24 array to properly describe the metallic compounds. The basis sets consisted of Ca, 4s/{4p}/3d, Sr, 5s/{5p}/4d/{4f}, and N, 2s/2p/{3d}, where orbitals given in brackets were downfolded. 45 The electronic structure calculations converged when the change of the total energy was smaller/equal to 10 −5 Ry. The COHP method was used for bond analysis. COHP gives the energy contributions of all electronic states for a selected bond. The values are negative for bonding and positive for antibonding interactions. With respect to the COHP diagrams, we plot −COHP(E) to obtain positive values for bonding states. The structural parameters were taken from the Rietveld refinements. The orbital character of the bands was analyzed using the so-called fat-band plots. Magnetic susceptibility measurements and electronic structure calculations for BaN 2 already revealed that the compound exhibits Pauli paramagnetism and should be metallic, despite the paramagnetic triplet state of the diazenide ion. 11 Therefore, a test spin-polarized calculation with nonzero magnetic moments artificially placed on the nitrogen atoms of CaN 2 and SrN 2 was performed and converged also back to the metallic state. Both alkaline earth diazenides crystallize in the same structure type, which is isotypic with the corresponding alkaline earth acetylenides (M AE C 2 ), namely, in a tetragonally distorted NaCl-type. Therefore, they can be topologically derived from Kniep et al. was 1.224(2) Å. 10 Here, we find a distance between the nitrogen atoms of 1.202(4) Å in CaN 2 and 1.239(4) Å in SrN 2 , which is in good agreement with the former results.
As already mentioned, Wessel et al. have predicted the crystal structures of all alkaline earth diazenides theoretically. 29 For their theoretical investigation, 15 possible structural models with atomic ratio cation to anion of 1:2 were taken into account and thereby the ground-state structures predicted. The calculations confirm that the experimentally found structures for SrN 2 and BaN 2 are minimum energy structures, thus being the thermodynamically most stable structures. For CaN 2 , however, the search for a plausible thermodynamic groundstate structure resulted basically in five possible structure types (Table 3 ) within a tolerance of ΔE total = 1 kJ/mol relative to ZnCl 2 .
For the reported ZnCl 2 structure type, the authors additionally analyzed the common crystallographic details (space group, lattice parameters, atomic positions, interatomic N−N distance). In this structural model, the cations are coordinated by four dinitrogen units in an "end-on" and to another two units in a "side-on" mode which results in an effective coordination number of 4 + 4 = 8. The coordination sphere of the diazenide unit again is octahedral. The resulting N−N distance of 1.255 Å is in good agreement with the one experimentally found. Synthesized CaN 2 however, is of the M AE C 2 structure type. Nevertheless, the calculations reveal that the M AE C 2 structure type is close to the ZnCl 2 type in total energy (ΔE total = 1 kJ/mol).
Crystal Structure Elucidation of BaN 2 . BaN 2 shows a close structural relationship to the structure type of SrN 2 and CaN 2 , although the strontium and barium compounds do not crystallize isotypically. In BaN 2 , the metal ions also form a closed packing, in which the [N 2 ]
2− ions occupy all octahedral voids (Figure 4, left) . Again, edge and face sharing of octahedra results. However, due to the lower symmetry of BaN 2 compared to CaN 2 and SrN 2 , the octahedral voids are occupied with nitrogen dimers aligned horizontally along the diagonals of the Ba 2+ octahedra with alternating orientation within each layer. Only along [100], the same orientation of dinitrogen units is found. Therefore, the coordination sphere of Ba 2+ is quite similar but slightly more distorted (Figure 4, right) . Two diazenide units coordinate in an "end-on" and four [N 2 ] 2− ions in a "side-on" fashion (with two different sets of distances to Ba 2+ ), thus resulting in a coordination number of 2 + 4 + 4 = 10. As expected, the experimentally found N−N bond distance of the diazenide ion 1.204 (3) ), a nitride-diazenide) inelastic neutron scattering (INS) spectroscopy already revealed that an observed feature at 1380 cm −1 (SrN) and 1307 cm −1 (SrN 2 ) can be assigned to the N−N stretching vibration of the diazenide ion. 46 Remaining features at considerably lower wavenumbers (<350 cm 2− ion. Concerning a free nitrogen molecule (point symmetry D ∞h ), the only fundamental vibration (Σ g ) is Raman-active and IRinactive due to the rule of mutual exclusion. 47 However, the infrared spectra of M AE N 2 (M AE = Ca, Sr, Ba), which are shown in Figure 5 , exhibit clear features at 1376.9 (CaN 2 ), 1378.9 (SrN 2 ) and 1375.9 cm −1 (BaN 2 ), which are assigned to the N− N stretching vibration of the [N 2 ] 2− ion. Therefore, in comparison to the free dinitrogen molecule with only one Raman-active mode, the corresponding site symmetry of the diazenide ion in the solid has to be reduced to observe IR-active modes. This condition can be verified using the correlation method. 47 The reduced site symmetry for the dinitrogen unit in CaN 2 and SrN 2 is C 4v, resulting in two possible IR-active modes (A 1 , E). In BaN 2 , there is a D ∞h → C 1 reduction in symmetry with one IR-and Raman-active vibration (A). Applying the correlation method, 47 the only IR-active modes for CaN 2 and SrN 2 (factor symmetry D 4h ) are A 2u and E u , and for BaN 2 (C 2h ) A u and B u . Therefore, in the corresponding crystal, the solely Raman-active mode in the free dinitrogen molecule is split into either one of those IR-active modes for the dinitrogen units, which is clearly observed in the FTIR spectra. However, there are still a number of unidentified features, which might be caused by additional (translational, acoustic, librational) modes of the diazenide unit due to lattice distortions. On the other hand, due to the extremely high sensitivity to moisture, these compounds tend to hydrolyze very easily. As the KBr-sample pellet is exposed to normal atmosphere upon transfer from the glovebox to the sample chamber of the spectrometer, diverse intermediates could be formed resulting in a variety of possible IR vibrations due to diverse functional groups.
Our attempts to record Raman spectra failed. This may be caused by reflection or absorption of the laser by the intensely black alkaline earth diazenides.
Temperature-Dependent in situ X-ray Diffractometry. The temperature-dependent in situ X-ray diffraction patterns for CaN 2 and BaN 2 are depicted in Figure 6 . The temperaturedependent in situ powder X-ray diffraction patterns of SrN 2 are given in Figure S1 in the Supporting Information. It is clearly seen that each alkaline earth diazenide transforms into the subnitride M AE 2 N upon heating. For CaN 2 , the temperature of transformation is about 100°C lower (at approximately 230°C ) than for SrN 2 and BaN 2 (both at approximately 325°C). These measurements are in good agreement with the reported value for SrN 2 of 320°C upon heating SrN 2 in vacuum. 10, 14 It is noteworthy that all three alkaline earth diazenides react analogously forming the respective subnitrides M AE 2 N upon heating. In the case of strontium and barium diazenide this behavior seems reasonable as the stoichiometric nitrides M AE 3 N 2 do not seem to exist. 48 In contrast, Ca 3 N 2 is a stable phase. However it is not formed during thermal decomposition of CaN 2 . Electronic Structure. To better understand the electronic structure of the alkaline earth diazenides and their bonding situation, first principles calculations on the electronic structure were performed. As the band structure, density of states (DOS) and crystal orbital Hamiltonian population (COHP) of BaN 2 have already been calculated, 11, 24 we here report on the electronic structure of CaN 2 and SrN 2 . In Figure 7 the band structures of both diazenides are depicted. As expected, the electronic structure calculations suggest that the compound should be metallic, which is in good agreement with the observed black metallic color of the samples. In both cases, the main contributions of bands at the Fermi level comes from the M AE -d (Ca, 3d; Sr, 4d) and the N-p (2p) states. The contribution of the M AE -p states (Ca, 4p; Sr, 5p) is negligible. 4− and therefore should exhibit paramagnetic behavior. However, magnetic susceptibility measurements and electronic structure calculations for BaN 2 revealed that the compound exhibits Pauli paramagnetism and should be metallic, despite the paramagnetic triplet state of the isolated diazenide ion. 11 Thus, a test spin-polarized calculation with nonzero magnetic moments artificially placed on the nitrogen atoms was conducted for CaN 2 and SrN 2 and converged back to the metallic state. This implies that CaN 2 and SrN 2 should be metallic as well. Further addition of two electrons into the molecular-orbital scheme 4− and another reduction in bonding multiplicity by 1 (single bond).
To elucidate the bonding situation in CaN 2 and SrN 2 , the DOS and COHP (M AE −N and N−N) were calculated and are depicted in Figure 9 (CaN 2 ) and Figure S2 in the Supporting Information (SrN 2 ). In the COHP plots, the bonding states are given as features to the right, whereas antibonding states show up as features to the left. Since they share the same space groups and crystal structures, the situation for both alkaline earth diazenides is basically the same. The bonding states at about −20 eV are mainly based on the 1σ s orbitals of the dumbbell. At about −12 eV the dinitrogen 1σ u * states can be found mixing with M AE -s, -p and -d states (Ca, 4s, 4p, 3d; Sr, 5s, 5p, 4d). Above that, around −8 to −5 eV the 2σ g and the 1π u states of the dinitrogen unit show up as bonding states together with an increased contribution of the M AE -d states and a decreased one of the M AE -p and -s states. The antibonding bands in the proximity of the Fermi level ranging from −4 to 2 eV are found to be basically built up by the 1π g * states of the dinitrogen unit, which are slightly mixed with the M AE -s and -d states. These metal−nitrogen interactions are found to be responsible for the significant widths of the corresponding bands in the band structure, and thus probably are also responsible for the metallic character of these compounds. 
■ CONCLUSIONS
By controlled decomposition of the alkaline earth azides of calcium, strontium and barium, the corresponding diazenides M AE N 2 (M AE = Ca, Sr, Ba) were synthesized in accord with the pressure-homologue rule (isotypic structures with the heavier homologues can be synthesized by lower pressure; lighter homologues: higher pressure). FTIR spectroscopy of these diazenides resulted in a band at about 1380 cm −1 assigned to the N−N strechting vibration of the diazenide ion. Temperature-dependent in situ powder X-ray diffraction revealed that CaN 2 , SrN 2 and BaN 2 transformed into the corresponding subnitrides M AE 2 N at higher temperatures. To better understand the bonding situation in the diazenides, electronic structure calculations were performed for CaN 2 and SrN 2 . As expected, the diazenides show metallic behavior (DOS). In addition, COHP calculations revealed a 50% occupation of the antibonding π-states of the diazenide ion and therefore support the formulation of a double-bonded, 2-fold negatively charged [ 
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